Undercooling during the solidification of silicon is an essential parameter that plays a major role in grain nucleation and growth. In this study, the undercooling of the solid-liquid interface during growth of multi-crystalline silicon samples is measured for two types of silicon: pure, and containing light elements (carbon and oxygen) to assess and compare their impact on crystal growth. The solid-liquid interface undercooling is measured using in situ and real time X-ray synchrotron imaging during solidification. As a subsequent step, ex situ Electron Backscattered Diffraction (EBSD) is performed to obtain information about the crystalline structure, the grain orientation and the grain boundary character. Two main conclusions arise: i) the undercooling of the global solid-liquid front increases linearly with the growth rate which indicates uniform attachment, i.e. all atoms are equivalent, ii) the same trend is observed for pure silicon and silicon containing carbon and oxygen. Indeed, the growth law obtained is comparable in both cases, which suggests that the solutal effect is negligible as concern the undercooling in the case of a contamination with carbon (C) and oxygen (O). However, there is a clear effect of the impurity presence on the crystalline structure and grain boundary type distribution. Many grains nucleate during growth in samples containing C and O, which suggests the presence of precipitates on which grain nucleation is favored.
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Abstract
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Introduction
Photovoltaic industry needs to produce photovoltaic material faster with always lower cost.
The classical fabrication process of silicon ingots is based on directional solidification. Solidliquid transformation under non-thermodynamic equilibrium implies issues to be tackled such as impurity segregation, grain nucleation and competition dynamics. Moreover, it is essential to develop predictive and quantitative simulations of the silicon solidification processes implying knowledge of the specific silicon growth mechanisms. As such, theoretical, experimental and modeling studies have been carried out in the past 50 years [1] [2] [3] [4] . In particular, growth laws need to be determined to obtain reliable simulations of the growing solid-liquid interface. Theoretical growth laws have been proposed but experimental validation although difficult is strongly needed.
Growth laws are classically related to the undercooling above the solid-liquid interface.
Liquid undercooling is the phenomenon by which a material remains liquid at a temperature below the equilibrium phase diagram melting point. Undercooling is usually present at the level of the growing interface from the melt in metallurgy or crystal growth due to nonequilibrium conditions during solidification. Growth undercooling has to be distinguished from nucleation Sundercooling necessary for new grains to appear. The total undercooling of the growing solid-liquid interface can be written using the following theoretical equation which separates the main contributions to undercooling and that can be found for example in [5] : (1) where , and are respectively the thermal, the constitutional, the curvature and the kinetic undercoolings: -, the thermal undercooling, is due to the rejection of latent heat for the solid-liquid phase transformation and thus at the interface. The effect of latent heat rejection can be to slow down solidification. The dimensionless thermal undercooling can be expressed by [6] : (2) where ΔT is the undercooling, C S is the specific heat of the solid material and H is the heat of fusion.
-, the constitutional undercooling is an important undercooling component in the case of alloys. Indeed, solutes with partition coefficient lower than 1 are rejected in the liquid at the solid-liquid interface, which changes, locally, the thermodynamic equilibrium. The rejected solute accumulates in a limited layer neighboring to the interface, the thickness of this layer can be expressed as [7] :
where D L is the solute diffusion coefficient and the growth velocity.
The solute concentration in the liquid, for planar front, C L is given by [8] : (4) where C 0 is the nominal composition and k is the partition coefficient.
The constitutional undercooling is given by the difference between the equilibrium liquidus temperature T eq (z) and the temperature imposed by the temperature gradient
where T 0 is the pure silicon equilibrium melting temperature, is the liquidus slope and G L the liquidus temperature gradient.
-, The curvature undercooling is due to the Gibbs Thomson effect that implies that a smaller radius of curvature reduces melting temperature of the crystal. This contribution to the undercooling has been expressed by Herlach [5] : (8) where is the anisotropy parameter of the interface energy, is the angle between the normal to the interface and the growth direction, the radius of curvature of the solid and  the capillary constant (Gibbs-Thomson parameter) , being the interface energy and the entropy of fusion.
-, The kinetic undercooling depends on the crystallographic orientation and on the atom kinetic attachment mechanism. This term is, in theory, predominant for the undercooling of a pure silicon macroscopically flat growing interface. The growth rate is usually related to the kinetic undercooling by an equation of the type [6] : (9) where the function f depends on the atomic attachment mechanism as developed in the following.
 For a uniform growth regime (all sites at the interface are favorable for growth)
or for a rough interface, growth follows a linear law: (10) where is a constant which takes into account the probability of atoms to be incorporated at the interface, lattice geometric factors and thermodynamic latent heat of solidification.
 For a growth regime by bi-dimensional nucleation on a facet (lateral growth), the growth law is exponential:
with A and B constants. B depends on lattice geometric factors and on the nucleation rate, A depends on a geometric factor and on the surface tension at the interface.
 For a growth regime on a facet and facilitated by the presence of screw dislocations, growth is permitted at lower undercoolings than for bidimensional growth:
where is a constant which depends on diffuseness parameter, on lattice geometric factor and on the density of dislocations.
The kinetic undercooling is thus linked to the morphology of the interface and to associated defects. A faceted morphology is associated with a high kinetic undercooling whereas a rough morphology is associated with a low kinetic undercooling because the atom attachment is easier on such surface.
Extensive theoretical, experimental and modelling works have been performed to predict the interface undercooling and in particular for silicon. Voronkov [1] conducted a theoretical study on {111} facet kinetic in silicon and derived the undercooling of silicon facets with and without dislocations. For , the undercooling at a {111} facet in a monocrystal with dislocations was estimated to be , whereas the undercooling in the case excluding the presence of dislocations was estimated to be .
Beatty and Jackson [2] conducted Monte-Carlo simulations of the undercooling for two growth orientations <100> and <111>. They found which, for
Czochralski growth rates in the [100] direction of silicon around gives .
Fujiwara et al. [3] determined a relationship between and by conducting silicon growth experiments observed by scanning confocal microscopy. The melting temperature, T m , was determined when the interface was motionless. Then, the crystal was melted at a temperature lower than T m , so that, the crystal could grow in the undercooled melt. Several undercooling levels were imposed and for each of them, the solid-liquid interface growth rate was measured. Thus, they determined a relationship of the solid-liquid interface growth velocity of Si crystal as a function of the undercooling : . For the establishment of this relationship, there was no control of the seed orientation on the contrary to the study of dendritic growth in the follow-on of the article. This relationship can be considered as the relationship applying to general silicon solid-liquid interface undercooling.
In the present paper, we determine experimentally the undercooling of the solid-liquid interface, in directional solidification conditions, as a function of the growth rate for both pure silicon and silicon containing carbon and oxygen using X-ray radiography. The in situ experiments are completed by ex situ EBSD to further characterize the influence of carbon and oxygen on the grain structure.
Experimental methodology
The experiments of directional solidification are carried out in a dedicated Bridgman-type high temperature furnace named GaTSBI (Growth at high Temperature observed by X-ray
Synchrotron Beam Imaging), installed on beamline BM05 at the European Synchrotron
Radiation Facility (ESRF). This furnace is essentially made of two resistive heating elements and the whole device is adapted to synchrotron imaging, which allows real time and in situ imaging during the solidification and growth of silicon. A detailed description of the device can be found in [8] .
The experiments are performed on a sample of pure silicon (6N), and on a sample containing carbon and oxygen. C and O impurities constitute a case study because they are light impurities often introduced during the classical fabrication processes of silicon for PV applications. The sample size is fixed at (length width), and 300 µm in thickness. It is placed in a boron nitride crucible, which is inserted into the furnace. Then, this assembly is introduced in the two-zone furnace.
During growth, the sample is illuminated by a polychromatic (white) X-ray synchrotron beam. To perform X-ray radiography imaging, the beam is monochromated at 17.5 keV by a double Si (111) monochromator after passing through the sample, and the images are recorded on a FReLoN CCD camera. X-ray radiography imaging is based on differences of absorption of the X-ray beam by the solid and liquid phases. In the case of silicon, the density difference between solid and liquid is small ( , ), so that image post processing is necessary [9] . With this technique, we can follow the evolution of the solid-liquid interface during growth in situ and in real-time, with a large field of view (10 mm 6 mm), spatial resolution with a pixel size: 5.8 μm 5.8 μm and acquisition rate of 1
Hz. Calculations of the solid-liquid interface growth rates and its dynamic position are directly measured on the images.
Preparation of the initial solid-liquid interface
The sample/crucible assembly is initially positioned in the top zone, where the heating resistance is set to a temperature above the silicon melting point ( Fig. 1.a) so that the sample is fully melted. Then a first solidification is initiated in the undercooled liquid inducing dendritic growth and few random orientations as proposed by Usami et al. [10] . In a second step, the sample is partially melted to keep a small solid region acting as a seed at the bottom before starting controlled solidification.
Determination of the undercooling
Two types of solidification procedures are performed to measure the temperature gradient, G, and the shift towards the equilibrium position of the growing interface, h, which altogether allow determining the undercooling, T. First of all, the temperature gradient in the sample, G, is calculated during an experiment of controlled cooling (Fig. 1a ). An initial temperature gradient is applied on the heaters. The solidification is triggered by applying a cooling rate on both heaters. The same cooling rate is applied on both heaters to maintain a constant temperature gradient. During cooling down experiments, the sample does not move. We measure the position of the interface which moves up during growth and determine the interface growth rate, . The corresponding temperature gradient is calculated knowing the applied cooling rate R and the measured growth rate. We earlier checked that the thermal conditions are reproducible when the same temperature gradient is imposed on both heaters for different experiments. Finally, the temperature gradient G inside the sample is given by the equation:
The same constant temperature gradient is applied during all the experiments studied here and as a direct consequence; the temperature gradient in the sample is constant as well. The temperature gradient inside the sample calculated with equation (13) is given by for all the experiments described in the following.
On the other hand, to obtain the undercooling of the solid-liquid interface, we measure the shift in position of the growth front compared to the equilibrium position. It can only be measured during pulling experiments (Fig.1 b) . In that case, the sample is pulled down from the hot zone to the cold zone at a constant pulling rate inside a constant temperature gradient.
In other words, the temperature of both resistances is maintained constant and the sample moves inside the furnace. The interface does not move in the camera frame of reference, because it is moving upwards in the sample frame of reference.
During pulling of the sample, if there is undercooling during growth, the interface is not at the position corresponding to the equilibrium temperature isotherm. If this is the case, when the pulling of the sample is stopped, the interface rises until it reaches its thermodynamic equilibrium position, which corresponds to the isotherm position of the equilibrium melting temperature. In our experiments, we check that this position does not depend on the preceding applied pulling rate which is expected because it corresponds to the phase diagram equilibrium position without any undercooling. For each experiment, we compare the stationary position during growth at a constant pulling rate with the position of thermodynamic equilibrium, as shown schematically in figure 2 . The solid-liquid interface position when pulling the sample is always lower than its equilibrium position.
Fig. 2. a) Stationary position of the interface during growth for a given pulling rate, b)
Interface at its thermodynamic equilibrium position.
Then, the undercooling is obtained by multiplying the height difference between those two positions by the temperature gradient G:
.
This procedure is repeated several times with different sample pulling rates. Four pulling rates are applied (5, 10, 20 and 30 µm/s) on both studied samples together with a constant temperature gradient in the sample of 15 K/cm determined with the procedure described above.
Ex situ investigation
Additionally, after the last solidification, we carry out ex situ electron back-scattering diffraction (EBSD) to obtain the grain orientations in the three space directions, the twin relationships and the number of grains. In this work, Σ3 〈111〉, Σ9 〈110〉, Σ27a 〈110〉, Σ27b
〈210〉 twin boundaries labeling refer to rotations around 〈hkl〉 that satisfy the misorientation ranges given by the Brandon criterion, which are (60 ± 8. Figure 3 shows the position of the interface, measured at several points along the interface for each pulling rate, during growth (in red), and after stabilization (in blue), for both samples:
Results
pure silicon (Fig.3 a) and silicon containing impurities (Fig.3 b) .
Fig. 3. Measured position and shape of the solid-liquid interface at different pulling rates (V p ) for a) the pure silicon sample and b) the silicon sample containing C and O. Red curves correspond to the interface position during growth. Blue curves correspond to the interface at its thermodynamic equilibrium position. Error bars are smaller than the point size.
The solid-liquid interface shape differs between both samples. This is due to the local thermal field for each particular sample.
The first most important result is that the equilibrium position of the interface after having stopped the pulling is reproducible for the same sample, confirming that we measure the equilibrium melting isotherm position. The small difference however observed is due to the unavoidable variations of thermal field between experiments. This negligible difference confirms that the thermal conditions are not significantly modified from one experiment to the other for a constant temperature gradient applied to the same sample.
Second, the growth interface has a lower position than the equilibrium melting position.
For each pulling rate, the difference between both curves increases with the pulling rate, thus, the undercooling increases with the velocity indicating immediately a kinetic effect.
Fig. 4. Growth rate as a function of the undercooling. Points corresponding to pure silicon and silicon containing C and O respectively in green circles and in purple triangles.
The undercooling is calculated with equation 14 and the growth rate is measured by using the in situ images. Finally, the growth rate as a function of the undercooling is plotted on Figure 4 . Points corresponding to pure and silicon containing impurities are respectively in green and purple. The trend line was determined assuming that zero velocity implies no undercooling, which is a reasonable assumption according to the theory and to the fact that with no pulling rate applied, the interface remains at the same equilibrium position in all experiments. A linear law is justified by the alignment of the experimental points. We obtain, for pure silicon:
The error is calculated as: 
Discussion
The undercooling during the solidification of pure silicon was also studied by Fujiwara [3] as mentioned in the introduction. Our results are in agreement with Fujiwara et al. results despite that our conditions and experimental procedure are different. Indeed, the law they derived from their experiments is also linear and is given by:
On top of the fact that both laws are linear, the coefficients are of the same order of magnitude. This allows us to conclude that boron doping induced by the boron nitride crucible in our experiments, has no effect on undercooling. This agreement also shows that there exists at the global solid-liquid interface of silicon a growth rate dependent undercooling. The linear behavior is consistent with the existence of a kinetic component of the undercooling.
In fact, in our experiments, the kinetic undercooling is the main component that contributes to the undercooling. Indeed, the other undercooling components are all negligible as shown in the following.
As concern the dimensionless thermal undercooling, in the case of silicon, , and equation 2 gives : which is much lower than 1 and thus it can be neglected.
Additionally, the directional solidification configuration with G > 0 ensures a morphologically stable and smooth interface. The radius of curvature approaches infinity, which means that the curvature undercooling tends toward zero and thus this term is also negligible.
At last, the constitutional undercooling component does not intervene in the pure silicon material therefore, only the kinetic component come into play.
However, in the sample containing C and O, a contribution of the constitutional undercooling could be expected due to the presence of impurities. Calculations are made to estimate the constitutional undercooling and its extension using equations (3-7) and phase diagram data using Thermo-Calc software. Even for the highest velocity, constitutional undercooling on top of the solid-liquid interface is negligible. In fact, this is consistent with the measured undercoolings in the sample containing C and O (Fig. 4) . Indeed, we obtain a linear velocity dependence and the same kinetic coefficient, taking into account the error bars, as for the pure sample despite the presence of C and O, which suggests that the carbon and the oxygen do not participate to the undercooling build-up at the front.
However, although the undercooling is not modified by the presence of these impurities, the interface morphology during solidification is significantly different in both samples.
In both cases, we observe an increasing disturbance of the solid-liquid interface with increasing growth rate. Grain boundary grooves formed at the encounter between the solidliquid interface and grain boundaries can be observed and have been thoroughly studied in our previous work [12] . They reveal the multi-crystalline nature of the sample. Their occurrence is more important in the case of the sample containing impurities even for low growth rates whereas the initial stage is identical which suggests copious nucleation events during growth when C and O impurities are present.
This conclusion is confirmed by the EBSD measurements performed on the samples after the last solidification. Indeed, for both samples, the total number of grains is determined from the EBSD results. O concentrations indicates that part of the carbon is in precipitate form which can be expected, due to the very low solubility limit of carbon in silicon [13] . As a consequence, these impurities are involved in the formation of precipitates in the material, precipitates on which new grain nucleation is favored which is consistent with the above results. Moreover, data obtained for different processing conditions on several samples during our previous experiments also confirmed that there is a significant increase of the nucleation rate during growth in samples with C & O impurities compared to pure samples even for the concentrations considered here. There are less Σ3, Σ9 and Σ27a twin boundaries in the silicon sample containing impurities than in the pure silicon sample, which is in favor of random nucleation.
As a conclusion, C and O do not accumulate on top of the solid-liquid interface which explains their low impact on the establishment of the undercooling at the level of the solidliquid interface. Indeed, these impurities soon precipitate as the solubility limit is reached especially in the case of C [13] . In the subsequent step, the driving force for new grain nucleation is the decrease of the necessary nucleation undercooling due to the presence of precipitates. Beaudhuin et al. [15] observed as well that the addition of carbon creates silicon carbide precipitates which favor nucleation. In pure samples, the formation of new grains is driven by the twinning phenomenon which leads to a majority of twin boundaries in the final ingot grain structure [14] . When precipitates are at stake, no special relationship between the new grain and other grains is expected leading to an increase of random angle grain boundaries. Growth rate (µm/s) Undercooling (K) Fig. 4 . Growth rate as a function of the undercooling. Points corresponding to pure silicon and silicon containing C and O are respectively in green circles and in purple triangles. 
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